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Developing high resolution, well-dated marine proxies of environmental, climatic, and oceanographic 
conditions is critical in order to advance our understanding of the ocean’s role in the global climate 
system. While some work has investigated bulk and compound specific stable nitrogen isotopes (δ15N) 
in bivalve shells as proxies for environmental variability, the small concentrations of nitrogen found in the 
organic matrix of the shell calcium carbonate (CaCO3) makes developing high resolution records 
challenging. This study investigates the potential of using the bulk and amino acid δ15N of bivalve 
periostracum, the protein layer on the outside of the shell, as a proxy archive of nitrogen cycling 
processes and water source variability. 
Bulk δ15N values were measured on the periostracum, aragonitic CaCO3, and adductor muscle of Arctica 
islandicashells collected in the Gulf of Maine. Increased variability of isotopic values across growth lines 
compared to along growth lines support mechanistic reasoning based on growth processes that 
periostracum is recording changes in δ15N over the course of the clam’s lifetime (up to 500 years). In 
addition, the statistically significant relationship between periostracum δ15N and contemporaneous 
carbonate δ15N of the same shell (r= 0.82, p 
Compound specific δ15N analyses of the periostracum of A. islandica shells were used to determine that 
the calculated trophic position of the clams in this study (1.4±0.4) did not change significantly between 
1783 and 1997. Phenylalanine δ15N values over the last 70 years show similar trends to that of the bulk 
record, suggesting that changes in bulk δ15N of that time period are related to changes in baseline δ15N. 
Periostracum δ15N values from shells collected in the western Gulf of Maine have decreased by ∼1‰ 
since the mid-1920s. This trend (-0.008‰/year) is not statistically different from the trend of previously 
published δ15N values of deep-sea corals from the entrance to the Gulf of Maine over the same time 
period. This coral record has been shown to indicate a shift in water mass source to the region and 
therefore the similarity between the two records suggest that changes in periostracum δ15N values are 
reflecting broader North Atlantic hydrographic changes. Our study introduces a new, high-resolution and 
absolutely dated paleoceanographic proxy of baseline δ15N, presenting the opportunity for future 
reconstructions of aspects of nitrogen cycling and water source changes in the global oceans. 
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Abstract 45 
 46 
Developing high resolution, well-dated marine proxies of environmental, climatic, and 47 
oceanographic conditions is critical in order to advance our understanding of the ocean’s role in 48 
the global climate system. While some work has investigated bulk and compound specific stable 49 
nitrogen isotopes (15N) in bivalve shells as proxies for environmental variability, the small 50 
concentrations of nitrogen found in the organic matrix of the shell calcium carbonate (CaCO3) 51 
makes developing high resolution records challenging. This study investigates the potential of 52 
using the bulk and amino acid 15N of bivalve periostracum, the protein layer on the outside of 53 
the shell, as a proxy archive of nitrogen cycling processes and water source variability. 54 
 55 
Bulk 15N values were measured on the periostracum, aragonitic CaCO3, and adductor muscle 56 
of Arctica islandica shells collected in the Gulf of Maine. Increased variability of isotopic values 57 
across growth lines compared to along growth lines support mechanistic reasoning based on 58 
growth processes that periostracum is recording changes in 15N over the course of the clam’s 59 
lifetime (up to 500 years). In addition, the statistically significant relationship between 60 
periostracum 15N and contemporaneous carbonate 15N of the same shell (r= 0.82, p<.0001, 61 
n=40) suggests that periostracum preserves a similar 15N signal to that preserved in the 62 
carbonate. This finding, coupled with the fact that source amino acid 15N values of 63 
periostracum are similar to that of the adductor muscle and the particulate organic matter 64 
(POM) consumed by the clam, suggests that periostracum bulk 15N reflect the 15N of the 65 
clam’s food source. The isotopic offsets between periostracum, carbonate, and adductor 66 
muscle 15N values are primarily caused by differences in amino acid composition of the 67 
different tissue types, as evidenced by isotope mass balance calculations, although may also be 68 
related to differences in 15N values of the individual amino acids of the different tissue types, 69 
especially the trophic amino acids.  70 
 71 
Compound specific 15N analyses of the periostracum of A. islandica shells were used to 72 
determine that the calculated trophic position of the clams in this study (1.4±0.4) did not 73 
change significantly between 1783 and 1997. Phenylalanine 15N values over the last 70 years 74 
show similar trends to that of the bulk record, suggesting that changes in bulk 15N of that time 75 
period are related to changes in baseline 15N.  Periostracum 15N values from shells collected 76 
in the western Gulf of Maine have decreased by ~1‰ since the mid-1920s. This trend (-77 
0.008‰/year) is not statistically different from the trend of previously published 15N values of 78 
deep-sea corals from the entrance to the Gulf of Maine over the same time period. This coral 79 
record has been shown to indicate a shift in water mass source to the region and therefore the  80 
similarity between the two records suggest that changes in periostracum 15N values are 81 
reflecting broader North Atlantic hydrographic changes. Our study introduces a new, high-82 
resolution and absolutely dated paleoceanographic proxy of baseline 15N, presenting the 83 
opportunity for future reconstructions of aspects of nitrogen cycling and water source changes 84 
in the global oceans. 85 
 86 
 87 
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1. Introduction 88 
 89 
While high resolution, terrestrial proxies of climate and environmental variability have been 90 
available and widespread for several decades now (see Jones et al., 2009 for a review), the 91 
development of annually-to-decadally resolved marine proxies has tended to be slower and less 92 
global in scope. Such progress highlights the challenges inherent in developing proxies in the 93 
marine realm: the heterogeneous nature of ocean environments (Cunningham et al., 2013) as 94 
well as the dating uncertainties and poor resolution attributed to some marine proxies 95 
(Kaufman et al., 2009). High resolution coral proxy records started to appear several decades 96 
ago (Hudson et al., 1976); however,these records are primarily from tropical areas (Wanamaker 97 
et al., 2011) and do not capture the full extent of environmental change in the oceans. Dating 98 
uncertainties and low sedimentation rates often hinder the usefulness of sediment core proxies 99 
on high resolution time scales, although work has yielded annually to decadally resolved 100 
records with improved age models (e.g. Baumgartner et al., 1992; Eiríksson et al., 2011). These 101 
records tend to be limited to regions with extremely high sedimentation rates. Along with 102 
several other recent, novel marine proxies such as coralline algae (e.g. Halfar et al., 2000; 103 
Gamboa et al., 2010; Kamenos and Law, 2010), bivalves have emerged as an important extra 104 
tropical, high resolution proxy for marine climatic variability. This proxy archive is particularly 105 
valuable due to its broad distribution in the ocean basins (e.g. Dahlgren et al., 2000), extremely 106 
long age spans in some species (Schone, 2004; Strom et al., 2004; Wisshak et al., 2009; Butler et 107 
al., 2013), and sub-annual to annual age banding, the latter of which allows for precise age and 108 
dating determinations (e.g. Scourse et al., 2006; Black et al., 2016) and provides high resolution 109 
geochemical (e.g. Schöne et al., 2004; Mette et al., 2016; Reynolds et al., 2016) and shell 110 
increment width (e.g. Schöne et al., 2003; Strom et al., 2004; Butler et al., 2010; Wanamaker et 111 
al., 2018) environmental proxies. It is critical to develop high-resolution, well-dated marine 112 
proxies from these proxy archives that have the potential to provide centuries-long 113 
reconstructions of ocean variability. Among other considerations, these marine proxies will 114 
enable a better understanding of the role that oceans play in the global climate system (Jansen 115 
et al., 2007; Ljungqvist et al., 2012).  116 
 117 
Nitrogen isotopes (15N) can be measured in some of the above mentioned, high-resolution 118 
proxy archives to document climatic and environmental change through time. 15N values have 119 
been explored in a variety of marine archives as a paleoceanographic proxy for nitrogen cycling 120 
(Altabet and Francois, 1994; Brandes and Devol, 2002; Deutsch et al., 2004; Galbraith and 121 
Kienast, 2013; Sherwood et al., 2014) as well as water mass source variability (Sherwood et al., 122 
2011). Nitrogen isotopes of dissolved nitrate (15NNO3) vary both within the water column (e.g. 123 
Altabet, 1988; Altabet and Francois, 1994; Liu et al., 1996; Brandes and Devol, 2002; Somes et 124 
al., 2010) and by water mass (Marconi et al., 2015; Van Oostende et al., 2017) due to nitrogen 125 
cycling processes. By reconstructing nitrogen cycling and water source variability through time, 126 
it is possible to interpret changes in ecosystem composition and function as well as changes in 127 
ocean current dynamics that are indicative of larger scale changes in environmental conditions 128 
and global climate. 129 
 130 
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Bivalve shells as a proxy archive offer the potential to further broaden the paleoceanographic 131 
utility of 15N. Correlations of 15N between shell-bound nitrogen (stored in the organic matrix 132 
of the carbonate) and soft tissue nitrogen suggest that the carbonate shells preserve a record 133 
of the 15N changes in the bivalves (LeBlanc, 1989; O'Donnell et al., 2003; Carmichael et al., 134 
2008; Watanabe et al., 2009; Kovacs et al., 2010; Versteegh et al., 2011; Graniero et al., 2016; 135 
Gillikin et al., 2017). In addition, bivalve shells offer the opportunity to extend absolutely dated, 136 
via crossdating methods (Black et al., 2016; Black et al., 2019), records of 15N at the base of the 137 
food web well back beyond the instrumental record at a high resolution scale due to the fact 138 
that many of these shells grow in annual or sub-annual increments.  139 
 140 
Because they are relatively immobile suspension feeders, bivalves have been identified as 141 
particularly useful in recording changes in baseline 15N (assuming no change in the diet of the 142 
clams) and nitrogen cycling in ecosystems through time (Post, 2002; Jennings and Warr, 2003; 143 
O'Donnell et al., 2003; Vokhshoori and McCarthy, 2014; Darrow et al., 2017; Misarti et al., 144 
2017). Such records have been identified as crucial in understanding ecosystem scale food web 145 
dynamics (Casey and Post, 2011). For example, there have been a wealth of studies recently 146 
looking at the potential of mollusks to record changes in nitrogen inputs into an ecosystem due 147 
to anthropogenic influences, both in the soft tissue of the bivalve (Watanabe et al., 2009; 148 
Graniero et al., 2016) as well as the organic matrix of the carbonate shell (Carmichael et al., 149 
2008; Kovacs et al., 2010; Graniero et al., 2016; Oczkowski et al., 2016; Black et al., 2017). 150 
 151 
One challenge with this marine proxy is that nitrogen isotopes measured in biogenic marine 152 
proxy archives such as bivalves are not only a function of 15N of dissolved nitrogen substrates 153 
(nitrate, nitrite, ammonium and urea) but also a function of their diet. Bulk 15N increases by 154 
approximately 3.4‰ between prey and consumer, although the magnitude of this increase can 155 
vary widely depending on multiple factors such as species and ecosystem (e.g. Miyake and 156 
Wada, 1967; DeNiro and Epstein, 1981; Minagawa and Wada, 1984; McCutchan et al., 2003; 157 
Chikaraishi et al., 2009). Therefore organisms in higher trophic levels have higher bulk 15N. This 158 
suggests that nitrogen isotopes in proxy archives would change if their diet and consequently 159 
trophic level changed over time. While bivalves are thought to primarily graze on 160 
phytoplankton (for a review, see Arapov et al., 2010), there is some evidence to suggest that if 161 
phytoplankton  become scarce, bivalves can alter their diet to consume other sources of 162 
nutrients such as detritus and bacteria (Stuart et al., 1982; Cranford and Grant, 1990; Langdon 163 
and Newell, 1990). Bivalves have also been shown to graze on zooplankton (Davenport et al., 164 
2000; Lehane and Davenport, 2002; Lehane and Davenport, 2004; Lehane and Davenport, 165 
2006). This latter food source would increase the trophic position of the bivalves, which would 166 
be reflected in the 15N of the proxy. It is therefore not implausible to assume that 167 
environmental conditions would have warranted a change in diet and possibly trophic level in 168 
the past.  169 
 170 
Compound-specific stable isotope analyses of amino acids (CSIA-AA) are increasingly becoming 171 
used as a paleoceanographic tool (Sherwood et al., 2011; Batista et al., 2014; Williams et al., 172 
2017; McMahon et al., 2018), in part to address the issue of changes in trophic level influencing 173 
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changes in 15N values of the proxy archive. Nitrogen stored in amino acids is fractionated to 174 
different degrees dependent upon the metabolic pathway of the specific amino acid 175 
(McClelland and Montoya, 2002; Chikaraishi et al., 2007; Chikaraishi et al., 2009; McMahon and 176 
McCarthy, 2016). Certain amino acids undergo deamination (whereby an amine group is 177 
removed by breaking a C-N covalent bond; Chikaraishi et al., 2007; Ohkouchi et al., 2015) during 178 
initial metabolic activity leading to the loss of 15N depleted ammonia (Macko et al., 1986; Miura 179 
and Goto, 2012). These amino acids (termed trophic amino acids and including alanine, aspartic 180 
acid, glutamic acid, isoleucine, leucine, proline, and valine) show large increases in 15N 181 
between prey and consumer. Other amino acids (termed source amino acids and including 182 
lysine, methionine, phenylalanine and tyrosine) typically do not undergo significant 183 
deamination during initial metabolic activity. Therefore, source amino acids are not 184 
fractionated to as great an extent as trophic amino acids and consequently do not have 185 
significantly higher 15N values from prey to consumer (Chikaraishi et al., 2007). Glycine and 186 
serine, which were originally considered source amino acids (McClelland and Montoya, 2002; 187 
Popp et al., 2007) have been shown to have large variability in 15N between consumer and 188 
food source, likely due to the multiple metabolic pathways they are involved with as well as the 189 
extent of bacterial degradation that can occur in glycine (McMahon and McCarthy, 2016). 190 
Therefore, glycine and serine are difficult to classify as either source or trophic amino acids. 191 
 192 
Because source amino acids are not significantly fractionated from prey to consumer, they can 193 
be used as a measure of baseline 15N of the prey whereas the difference in 15N of trophic and 194 
source amino acids indicates trophic position of the consumer. Due to these diagnostic 195 
properties, CSIA-AA has been developed in the last several decades for a variety of applications 196 
broadly relating to food web dynamics and nitrogen cycling processes (see Ohkouchi et al., 197 
2017 for a review), including using soft tissue of bivalves to reconstruct baseline 15N conditions 198 
(Vokhshoori and McCarthy, 2014) and trophic position (Ek et al., 2018). This technique has also 199 
been used in a paleoceanographic context as a proxy for water mass source changes (Sherwood 200 
et al., 2011) and to reconstruct the depth of the nitricline through time (Williams et al., 2017).  201 
 202 
Despite the possible opportunities that 15N and CSIA-AA 15N in bivalve shells offers for 203 
paleoceanographic studies, there have only been a few reconstructions using these techniques 204 
that extend back beyond the instrumental record (Oczkowski et al., 2016; Darrow et al., 2017; 205 
Misarti et al., 2017). Darrow et al. (2017) demonstrated that oyster (Crassostrea virginica) shells 206 
from Native American shell middens on the estuaries at the mouth of the Mississippi reliably 207 
preserved changes in the 15N baseline over time, dating back to 2100 years before present. 208 
While organic matter diagenesis and nitrogen loss is of concern with material this old, the 209 
authors were able to demonstrate that with the appropriate sampling and cleaning techniques, 210 
reliable 15N records could be obtained. Misarti et al. (2017) compared amino acid composition 211 
and 15N values in fossil and modern shellfish (chiton, limpet, mussel, periwinkle and urchin 212 
species) shells as well as modern soft tissue from Alaska and demonstrated that nitrogen 213 
isotopes and amino acid compositions were similar between fossil and modern shells (for all 214 
except urchins) and that little diagenesis or other degradation had occurred over time, 215 
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suggesting that these shells would be useful archives of changes in 15N over time at the base of 216 
the food web.  217 
 218 
The scarcity of 15N records from bivalve shells can be attributed, in part, to the low 219 
concentrations of amino acids (and nitrogen; %N <1%) in the shell bound organic layer of the 220 
carbonate shell (hereafter referred to as carbonate). Therefore, a large amount of material is 221 
needed for any given sample (~30 mg), reducing the temporal resolution of any potential 222 
record and introducing time averaging complexities as several years worth of carbonate growth 223 
are incorporated together in order to form one measurable sample. The goal of this study is to 224 
examine the potential of using 15N of the periostracum (the organic material on the outside of 225 
the shell; see Fig. 1) of Arctica islandica shells as a high-resolution, alternative environmental 226 
and paleoceanographic proxy. While no previous work to our knowledge has looked at the 227 
potential of periostracum as a proxy, Delong and Thorp (2009) found statistically significant 228 
correlations between 15N and 13C of periostracum and that of soft tissue in freshwater 229 
mussels, suggesting the possibility that periostracum 15N could be recording 15N incorporated 230 
into the clam via food consumption. Periostracum has larger nitrogen concentrations (~15%) 231 
than that of  the carbonate shell and therefore much less material is needed per sample. It is 232 
also synthesized with shell carbonate, thus inviting the possibility of much higher resolution 233 

15N record through time if periostracum can be shown to be a valid proxy for baseline 15N.. 234 
The research objectives for this study are to test if (1) periostracum can be used as an archive of 235 
the 15N of the particulate organic matter (POM) incorporated by the clam throughout its 236 
lifespan, and (2) periostracum can be used as a proxy for changes in basal 15N of dissolved 237 
nitrogen substrates through time. Objective (1) will be addressed by examining changes in 15N 238 
along growth lines and ontogenetically and comparing the isotope and amino acid composition 239 
of periostracum to that of the shell and adductor muscle of the same animal as well as through 240 
time. Additionally, CSIA-AA of 15N will be used to assess the extent to which 15N of the POM 241 
are reflected in the source amino acids of the periostracum. Objective (2) will be addressed by 242 
using CSIA-AA of 15N of periostracum to assess trophic position changes through time and the 243 
extent to which bulk 15N changes through time mirror those of source amino acid 15N. 244 
Objective (2) will be further addressed by comparing this record to published, nearby 15N 245 
records associated with changes in basal 15N of dissolved nitrogen substrates. The 246 
preservation potential of periostracum will be evaluated by analyzing amino acid 247 
concentrations through time. 248 
 249 
2. Background 250 
 251 
2.1 Arctica islandica 252 
 253 
A. islandica are a long-lived (up to 507 years; Wanamaker et al., 2008b; Butler et al., 2013) 254 
bivalve mollusk species, found extensively throughout the shelf regions of the North Atlantic 255 
(Dahlgren et al., 2000). The aragonitic shells of A. islandica precipitate in annual increments 256 
(Jones, 1980; Weidman et al., 1994) and as such this organism has been termed the “Tree of 257 
the Sea”(Witbaard, 1997). A. islandica shells have been shown to consistently record and 258 
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preserve various environmental conditions in marine realms through increment width 259 
variability and geochemical composition (Schöne et al., 2003; Wanamaker et al., 2008a; Butler 260 
et al., 2010; Stott et al., 2010; Wanamaker et al., 2012; Marali and Schöne, 2015; Mette et al., 261 
2016; Wanamaker et al., 2018). The combination of longevity, sessile behavior, annual 262 
deposition, and environmental signal preservation are characteristics that make A. islandica 263 
shells an ideal high resolution proxy of marine climate change. 264 
  265 
The periostracum is a quinone-tanned protein layered material on the outside of both valves as 266 
well as the ligament of bivalve shells (Taylor and Kennedy, 1969). It consists of several layers 267 
and is generally secreted from the periostracal groove and outer mantle fold (Figure 1C; 268 
Saleuddin and Petit, 1983; Checa, 2000). The periostracum is thought to help with shell 269 
formation by providing a surface on which the outer shell layer forms (Taylor and Kennedy, 270 
1969). Little research has been done on the periostracum of A. islandica (Wanamaker and 271 
Luzier, 2014), although several studies have looked at the structure and formation of 272 
periostracum in other species of marine bivalves (Hillman, 1961; Dunachie, 1963; Bevelander 273 
and Nakahara, 1967; Neff, 1972; Bubel, 1973; Saleuddin, 1974). Periostracum is generally 274 
discarded in favor of the carbonate shell for paleoclimate studies. 275 
 276 
2.2 Gulf of Maine 277 
 278 
A. islandica sampled for this study were collected from the western Gulf of Maine, a semi-279 
enclosed sea in the western North Atlantic (see Supplementary Fig. 1 in the Electronic Annex 280 
for location maps). A review of the hydrographic conditions in the Gulf of Maine can be found 281 
elsewhere (Pettigrew et al., 2005; Townsend et al., 2015). Briefly, the Gulf of Maine is fed by 282 
two primary slope water masses: Warm Slope Water (WSW) and Labrador Slope Water (LSW). 283 
WSW forms adjacent to the Gulf Stream and is composed of Gulf Stream waters, North Atlantic 284 
Central Water and coastal waters (Townsend et al., 2015). WSW is found at depths between 0 285 
and 400 meters in the Slope Sea, outside of the Gulf of Maine (Gatien, 1976; Townsend and 286 
Ellis, 2010). LSW, which is composed of continental slope waters carried south by the Labrador 287 
Current can be found below 100 meters, below and coastward of WSW in the Slope Sea outside 288 
of the Gulf of Maine (Gatien, 1976; Chapman and Beardsley, 1989; Townsend et al., 2015). The 289 
slope waters enter the Gulf of Maine at depth through the Northeast Channel (-220 m) and are 290 
mixed, via a variety of processes including tidal and winter convective overturning (Townsend 291 
et al., 2015), into the surface waters, which primarily consist of relatively fresh Scotian Shelf 292 
Water originating from the Scotian Shelf (Smith, 1983; Chapman et al., 1986). These waters 293 
then circulate in a cyclonic gyre around the Gulf of Maine (Supplementary Fig. 1; Pettigrew et 294 
al., 2005). Because of their different origins, mixing processes, and transport paths, WSW and 295 
LSW undergo different nitrogen cycling processes and degrees of nitrate utilization, resulting in 296 
different nitrogen isotope signatures of dissolved nitrate. The 15N of dissolved nitrate for WSW 297 
has been measured to be 5.0 ± 0.3‰ (Sherwood et al., 2011), which reflects in part the deep, 298 
nutrient-rich waters that compose WSW. In contrast, the 15N of dissolved nitrate for Labrador 299 
Slope Water has been measured to be 6.0 ± 0.3‰ (Sherwood et al., 2011), which reflects in 300 
part the origin of LSW at the surface of the Labrador Sea. Surface waters tend to have low 301 
nutrient concentrations and 14N is preferentially incorporated by phytoplankton, increasing the 302 
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
15N of the remaining dissolved nitrate. Sherwood et al. (2011) showed that this difference in 303 

15N between the two water masses was apparent when comparing the 15N signatures of 304 
groups of the same organism living in the different water masses.  305 
 306 
 307 
3 Materials and Methods 308 
 309 
3.1 Sample collection and dating 310 
 311 
Both live and dead A. islandica shells were collected by scallop dredge off of Seguin Island in the 312 
western Gulf of Maine at 38 meters water depth, as well as from near Jonesport in the eastern 313 
Gulf of Maine at 80 meters depth and Isle au Haut in the central coastal Gulf of Maine at 31 314 
meters water depth. Additionally, shells were collected from Cobscook Bay by divers from an 315 
average depth of 10 meters (see Supplementary Fig. 1b for a map of locations). Most shells 316 
were shipped on dry ice to Iowa State University’s Stable Isotope Lab, although some of the 317 
Jonesport shells were transplanted to tanks at the Darling Marine Center or cages in the 318 
Damariscotta River estuary in Walpole, Maine for 29 weeks. These transplanted shells were 319 
used for the comparison between adductor muscle, carbonate, and periostracum 15N in this 320 
study due to the availability of the adductor muscle material. Information on the living 321 
conditions and processing of the Darling Marine Center and Damariscotta River estuary shells 322 
can be found in Beirne et al. (2012). Briefly, the shells finished in tanks were raised in seawater 323 
pumped from 10 meters depth in the Damariscotta River estuary. Half were not fed any 324 
additional food (Tank A) while half were fed Shellfish Diet 1800 (Reed Mariculture) at a 325 
concentration of 100,000 cells/mL/day (Tank B; for an experiment unrelated to this project).  326 
 327 
Shells sampled for periostracum used in time series analyses were from Seguin Island and were 328 
dated using crossdating techniques (Black et al., 2016). The dating of these shells and the 329 
development of the master shell growth chronology is described by Wanamaker et al. (2018) 330 
and Griffin (2012).  331 
 332 
3.2 Sampling for periostracum, carbonate, and adductor muscle 333 
 334 
For specific details on periostracum sampling, see the supplementary information in the 335 
Electronic Annex. Seguin Island shells were sampled for periostracum wherever present to 336 
develop a time series. Additionally, select shells (from the Seguin Island and Isle au Haut sites) 337 
were sampled for periostracum multiple times both along the axis of maximum growth (Fig. 1A) 338 
as well as along a growth increment (Fig. 1B). For these samples, 13C, which is generally more 339 
variable in clams, was also analyzed in order to better assess whether the periostracum was 340 
changing its isotopic composition throughout the clam’s lifetime. 341 
 342 
In order to test the relationship between periostracum 15N and carbonate 15N, several shells 343 
from Seguin Island, Cobscook Bay, Jonesport, the Darling Marine Center and Damariscotta River 344 
estuary were sampled for periostracum and carbonate. Additional samples of periostracum, 345 
carbonate, and adductor muscle were taken from two shells, one from the Damariscotta River 346 
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estuary and one from Tank A at the Darling Marine Center, to compare bulk and compound 347 
specific 15N from the three different tissue types. These shells will be referred to as shell DRE 348 
and shell DMC, respectively, in the rest of this paper. Detailed methods for sampling and 349 
sample preparation can be found in the supplementary information in the Electronic Annex. It 350 
should be noted that care was taken to sample the carbonate exactly where the periostracum 351 
was removed along the very outer edge of the shell. These methods ensured that the two 352 
samples formed contemporaneously and were therefore integrating the same amount of time. 353 
At least 2 mg of periostracum was collected for each sample.  354 
 355 
Carbonate samples for amino acid analyses were collected by hand drilling the shells. A Dremel 356 
hand drill was used. At least 60 mg of carbonate powder was collected for each sample. 357 
Detailed methods for preparing adductor muscle tissue samples can be found in Beirne et al. 358 
(2012). Briefly, adductor muscle tissue samples analyzed for 15N were removed, cleaned using 359 
DI water, frozen for 24 hours in a commercial freezer and freeze dried. 360 
 361 
3.3 Bulk organic matter analysis 362 
 363 
Periostracum, carbonate, and adductor muscle analyzed for bulk 15N were placed in tin boats 364 
and combusted in a Costech Elemental Analyzer connected to a Finnegan Delta Plus XL mass 365 
spectrometer in continuous flow mode at Iowa State University. Results were corrected using a 366 
regression method and 4 different reference standards: Caffeine (IAEA-600), IAEA-N2, Cellulose 367 
(IAEA-CH-3), and Acetanilide (laboratory standard). All 15N values were standardized relative to 368 
Air (atmospheric N2) and all 
13C values were standardized relative to VPDB (Vienna Pee Dee 369 
Belemnite).The average, long-term, 2 combined uncertainty (analytical uncertainty and 370 
average correction factor) is ±0.36‰ for 15N and ±0.22‰ for 13C.  371 
 372 
Correlations between bulk 15N values were assessed between tissue types using simple linear 373 
regression and Pearson’s correlation coefficient and associated p values (df=n-2, significant 374 
p<0.05). Uncertainty was assessed at 2. 375 
 376 
In order to investigate potential similarities to other marine 15N records in the region, the 377 
dated time series of bulk 15N in periostracum was compared to a record of 15N from deep sea 378 
gorgonian corals (Primnoa resedaeformis) in the Northeast Channel at the entrance to the Gulf 379 
of Maine published by Sherwood et al. (2011). The estimated difference of the means of the 380 
regression coefficients and the associated estimated variance and standard error were 381 
calculated. These statistical analyses assumed that these two data sets are independent. It 382 
should be noted that these two records are sampled at different resolutions, with the 383 
Sherwood et al. (2011) record sampled at annual resolution and the periostracum record 384 
sampled at multi-annual resolution (the exact resolution varied with sample). Therefore, the 385 
statistical analyses performed here only assess differences in regression coefficients, with the 386 
periostracum samples plotted at the midpoint of the years incorporated in each sample.   387 
 388 
3.4 Amino acid analysis preparation: Hydrolysis 389 
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 390 
Samples were prepared and analyzed for amino acid concentration and 15N CSIA-AA at the 391 
Environmental Geochemistry Laboratory (EGL), Bates College. 1-3 mg (periostracum and 392 
adductor muscle) or 30 mg (carbonate shell) of sample were hydrolyzed in 0.5 ml of 6M HCl at 393 
150°C for 20 minutes under a N2 atmosphere and then cooled to room temperature. Once cool, 394 
samples were blown down under N2 until dry and E-pure water was added at intervals to 395 
reduce acidity and to help the drying process. Hydrolysis results in the breaking down of 396 
peptide and polypeptide bonds. The resulting material is known as the total free amino acid 397 
fraction or the acid-hydrolyzed proteins.  398 
 399 
3.5 Amino acid analysis preparation: Derivatization 400 
 401 
The amino-hydrolyzed amino acids were then derivatized to trifluoroacetyl (TFA) isopropyl 402 
esters (after Silfer et al., 1991). Samples were esterified in acidified isopropanol followed by 403 
acylation in trifluoroacetic anhydride (TFAA) and final dilution in ethyl acetate prior to analysis.  404 
 405 
 406 
3.6 Amino acid concentration analysis 407 
 408 
The n-TFAA amino acid derivatives were analyzed by gas chromatography flame ionization 409 
detection (GC-FID) using an Agilent 6890N equipped with a HP-ULTRA 1  column (50 m, 0.32 410 
mm ID, 0.53 mm film thickness) in the EGL at Bates College. The running conditions for the FID 411 
can be found in the supplementary information in the Electronic Annex.  An amino acid 412 
standard mixture was created from 17 L-amino acid analytical standards (Sigma Aldrich). 413 
Calibration curves were created by analyzing 4 different dilutions of the 17 amino acid 414 
standards. These curves were used to convert to peak areas of each amino acid to 415 
concentration. Two samples of each tissue type (periostracum, carbonate, and adductor 416 
muscle) from shell DRE and shell DMC were analyzed on the FID for concentrations of alanine, 417 
aspartic acid, glutamic acid, glycine, isoleucine, leucine, lysine, methionine, phenylalanine, 418 
proline, serine, threonine, tyrosine and valine. It should be noted that we were not able to 419 
obtain data for all amino acids, including arginine, histidine and cysteine, although these amino 420 
acids are expected to be present in minor amounts for at least some of the tissue types based 421 
on previous studies on other bivalve species (Pranal et al., 1995).  422 
 423 
Relative percent amino acid composition of periostracum from Seguin Island shells was plotted 424 
against both the age of the specimen at the time the sampled periostracum formed and the 425 
calendar date of the periostracum sample. Simple linear regression and Pearson’s correlation 426 
coefficient and associated p values were used to determine if any significant trends were 427 
present (df=n-2, significant at p<0.05). 428 
 429 
 430 
 431 
 432 
 433 
  
 11 
3.7 15N analysis of amino acids 434 
 435 
The amino acid derivatives of two samples each (1 each from shell DRE and shell DMC) of 436 
periostracum, carbonate and adductor muscle were analyzed for 15N CSIA-AA in order to 437 
compare differences in 15N between the different tissue types. 14 additional periostracum 438 
samples from Seguin Island clams were analyzed for 15N in order to look at changes in amino 439 
acid 15N through time.  440 
 441 
For CSIA-AA analyses, samples were analyzed using a HP Ultra 1 column (50 m, 0.32 mm ID, 442 
0.53 mm film thickness) in a Trace Gas Chromatograph Ultra interfaced to a Thermo Delta V 443 
Advantage stable isotope mass spectrometer via the GC column interface III with a liquid 444 
nitrogen trap in the EGL at Bates College. Samples were diluted in ethyl acetate and the running 445 
conditions for the GC-c-IRMS were the same as for the FID, as described in the in the 446 
supplementary information in the Electronic Annex.  The linearity of the 15N  amino acid 447 
analyses was optimal for most amino acids between peak heights of 100 and 1500 mV.  Thus, 448 
between 1.0 and 5.0 µL of sample were injected to ensure peak sizes were within this range. 449 
The backflush valve was engaged for the duration of the solvent peak and there was no solvent 450 
tailing into the first compounds eluting.  451 
 452 
3.8 Data Analysis 453 
 454 
A laboratory standard was made using 14 L-amino acid analytical standards from Sigma Aldrich 455 
added in concentrations similar to amino acid concentrations in four of the periostracum 456 
samples (see Supplementary Table 1 in the Electronic Annex). Aliquots of this laboratory 457 
standard were derivatized and analyzed with each batch of 6 samples processed. This facilitated 458 
evaluation of and correction for any kinetic isotopic fractionation that may have occurred 459 
during derivatization. Different dilutions of the laboratory standard were used to correct for 460 
linearity issues with the CSIA-AA analyses. A positive correlation between 15N and peak area 461 
was statistically significant between 100 and 1500 mV (using Pearson’s correlation coefficient, 462 
significant at p<0.05) in four of the amino acids (isoleucine, methionine, proline, and 463 
phenylalanine). A linear correction was applied for these amino acids. All 15N values are 464 
standardized relative to Air (atmospheric N2). 465 
 466 
Each sample was run at least 3 times, with 15N values averaged over all runs, unless any 467 
individual run was deemed unusable, most commonly because of poor chromatography. The 468 
long term, average, 2 analytical uncertainty was ±1.9‰ based on the standards run 469 
throughout the sampling period.   470 
 471 
In order to analyze the extent to which the periostracum 15N reflects the 15N of its food 472 
source, we compared the average 15N of the source amino acids of the periostracum sample 473 
from the shell collected from Tank A at the Darling Marine Center to the average 15N of the 474 
sediment samples taken from this tank and reported in Beirne (2011). Sediment samples were 475 
taken from the top 0.5 cm of sediment in 10 different flower pots positioned in this tank, with 476 
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care taken to avoid any clam excrement present. Samples were prepared and analyzed for 13C 477 
and 15N. Details of this preparation can be found in Beirne (2011) and Beirne et al. (2012). 478 
Sediment sample 15N are considered to represent the 15N of the POM accumulation over the 479 
period of the experiment (January to November 2010) and therefore reflect the 15N of the 480 
POM that was being consumed by the clams during this time (Beirne, 2011).  481 
 482 
The amino acid concentration and 15N composition of the bulk proteins in the modern samples 483 
were used to model the 15N of bulk tissue using the following isotope mass balance equation:  484 
 485 
                  
               
               
                486 
                  (1) 487 
 488 
FAA1, AA2, AA3… AAn = fraction of amino acid 1, 2, 3…. n in the tissue 489 

15NAA1, AA2, AA3… AAn = 
15N amino acid 1, 2, 3…n in the tissue 490 
 491 
Assumptions in the use of this equation include (1) baseline resolution for all amino acids by 492 
both the GC-FID and the GC-c-IRMS, (2) the tissue is comprised solely of amino acids, and (3) all 493 
amino acids in the tissue were analyzed.  It is important to note that alanine, threonine, serine, 494 
and lysine were resolved by the GC-FID, but not resolved by the GC-c-IRMS.  Thus, the modeled 495 

15Ntissue will be underrepresented with respect to these amino acids.   496 
 497 
3.9 Trophic Position Calculation 498 
 499 
In order to calculate the trophic position of the clams through time, we used the following 500 
equation that we derived from published data:  501 
 502 
              
                       (2) 503 
 504 
2.8 is the difference ( value) between proline and phenylalanine at the base of the food web in 505 
a coastal marine setting. 6.3 represents the average difference () of the difference in 15N 506 
between food and consumer (termed trophic discrimination factor; TDF) for proline and 507 
phenylalanine (Pro/Phe = TDFPro – TDFPhe) for invertebrates. Both  and Pro/Phe are calculated 508 
from data compiled by  Chikaraishi et al. (2014) and first published by Chikaraishi et al. (2009), 509 
(2010), and Chikaraishi et al. (2014). While it is more common to calculate trophic position 510 
using only the “canonical” trophic amino acid, glutamic acid, along with the “canonical” source 511 
amino acid, phenylalanine, we did not always have success in producing good chromatography 512 
for glutamic acid. Instead, we chose proline as the trophic amino acid for this calculation as it 513 
was the amino acid that had the most consistently good chromatography throughout the data 514 
analyses. Additionally, a recent study by McMahon et al. (2015) suggests that proline may be a 515 
more suitable trophic amino acid to use in trophic position calculations as Pro/Phe did not 516 
change with diet quality (assessed based on amino acid composition and protein content), 517 
contrary to all other TrophicAA/Phe analyzed in their experiment. Trophic position was calculated 518 
using amino acid 15N values from periostracum samples from Seguin Island dated over the last 519 
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200 years. Modern trophic position was calculated using the amino acid 15N values from 520 
periostracum, carbonate, and adductor muscle samples from shell DRE and shell DMC.  521 
 522 
Trophic position trend through time was assessed using simple linear regression and Pearson’s 523 
correlation coefficient and the associated p value (df=n-2, significant at p<0.05). Uncertainty 524 
was assessed at 2.  525 
 526 
 527 
4 Results 528 
 529 
4.1 Periostracum variability across and along growth increments 530 
 531 
A comparison of changes in 15N and 13C along the axis of maximum growth and along a 532 
growth increment for several different shells shows increased variability along the axis of 533 
maximum growth for 13C (2  = 2.98‰ VPDB) than along the growth increment (2 = 0.64‰ 534 
VPDB; Fig. 2). These differences in variability are also shown, to a lesser extent, in the 15N data, 535 
with data along the axis of maximum growth being more variable (2 = 1.04‰ Air) than data 536 
along the growth increment (2 = 0.48‰ Air).  537 
 538 
4.2 Bulk 15N 539 
 540 
Bulk 15N of periostracum shows a statistically significant correlation with 15N of 541 
contemporaneous carbonate from the same shell (r= 0.82, p<.0001, n=40 samples, each from a 542 
different specimen; Fig. 3), with carbonate 15N samples averaging 1.14‰ higher than 543 
periostracum 15N. 544 
 545 
Bulk 15N values of different tissues sampled from shells taken from the Damariscotta River 546 
Estuary and the Darling Marine Center are shown in Fig. 4. Periostracum 15N values were 547 
lowest, averaging  1.3‰ lower than carbonate values  and 2.9‰ lower than adductor muscle 548 
values. Carbonate 15N values were on average 1.5‰ lower than adductor muscle values. While 549 
there was a statistically significant relationship between the periostracum and carbonate 15N 550 
(included in the data in Fig. 3), the adductor muscle 15N did not correlate significantly with 551 
either the periostracum or carbonate samples.  552 
 553 
The time series comparison between the periostracum 15N data from this study and coral 15N 554 
from Sherwood et al. (2011) show similar trends of decreasing 15N of approximately 1‰ over 555 
the 77 years that the two records overlap (1926-2002), with a slight increase in the 1980s and 556 
again after the mid-1990s (Fig. 5A). The slope of the trend of the coral 15N record over this 557 
time period was -0.007‰/year. The slope of the trend of the periostracum 15N record was        558 
-0.008 ‰/year. The estimated difference of the means of the regression coefficients was -0.001 559 
and the estimated variance was 2.92x10-5. The 95% confidence interval of the difference of the 560 
means of the regression coefficients, calculated using the standard error, was between -0.012 561 
and 0.010. Therefore, the null hypothesis that the difference in the regression coefficients is 0 562 
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cannot be rejected. The average bulk 15N over this time period for corals was 10.3±0.8‰, 563 
which is significantly higher than that for the A. islandica periostracum presented in this study, 564 
which was 4.5±1.0‰. 565 
 566 
4.3 Amino acid concentrations 567 
 568 
Amino acid concentration and relative percent data for periostracum, carbonate, and adductor 569 
muscle samples are shown in Fig. 6. The amino acid relative percent concentration for 570 
periostracum was dominated by glycine (average 60%), followed by tyrosine (average 15%). The 571 
carbonate sample was primarily composed of valine (12%), alanine (11%), tyrosine (11%), 572 
glycine (10%), and proline (10%). The adductor muscle was primarily composed of glutamic acid 573 
(17%) and aspartic acid (12%). Relative percent concentrations were calculated using 574 
concentrations in nanomoles/mg.  575 
 576 
No statistically significant trend was observed between amino acid relative percent 577 
concentration and either age or date of the specimen, suggesting amino acid concentrations 578 
are not changing over the lifespan of the clam or since the time of formation (Supplementary 579 
Fig. 2). 580 
 581 
4.4 15N of amino acids 582 
 583 
A clear difference between 15N of source amino acids and 15N of trophic amino acids was 584 
found in all three tissue types (Fig. 7). Trophic amino acids averaged 6.4‰ higher than source 585 
amino acids. For periostracum samples only, source amino acids averaged 5.7‰ and trophic 586 
amino acids averaged 11.8‰, resulting in a difference of 6.1‰. Of note, the periostracum 15N 587 
values from Seguin Island (Fig. 7B) were formed at varying times over the last several hundred 588 
years, which accounts for at least some of the variability seen here. For example, the 15N value 589 
of phenylalanine (the canonical source amino acid) decreased between the 1930s and the 590 
1960s, with a slight increase in the 1980s and again in the 1990s, similar to bulk 15N values of 591 
periostracum (Fig. 5B).  592 
 593 
No consistent difference in 15N of amino acids was observed between tissue types (Fig. 7A).  594 
Although some offsets in 15N values between tissue types were present, most were not 595 
outside of the long-term analytical uncertainty. Trophic amino acid 15N values were more 596 
variable between tissues (average 2 of 3.4‰) than source amino acid 15N (average 2 of 597 
1.8‰). 598 
 599 
The average source amino acid (methionine, phenylalanine and tyrosine) value of the 600 
periostracum sample from shell DRE was 5.4‰. This compares well to the average source 601 
amino acid value of the adductor muscle sample taken from that same shell, which equaled 602 
5.5‰. The average source amino acid 15N value for the periostracum sample taken from shell 603 
DMC was 5.7‰. This compares very well to the average 15N of the sediment collected from 604 
Tank A (in which shell DMC grew) throughout the experiment, which was also 5.7‰ 605 
  
 15 
(Supplementary Table 2; Beirne, 2011). These values are slightly higher than those measured in 606 
the adductor muscle sample from the same clam, which averaged 4.3‰, although these values 607 
are still within 2 average analytical uncertainty of each other. The amino acid concentration of 608 
both carbonate samples was too low to calculate an average source amino acid 15N value. 609 
 610 
In modern samples (shell DRE and shell DMC, n=5), isotope mass balance calculations of the 611 
bulk 15N (calculated using Equation 1) based on the amino acid concentration and 15N values 612 
are depleted for periostracum relative to carbonate relative to adductor muscle and are 613 
positively correlated to measured bulk 15N values for these tissues (15Nmass balance = 614 
0.826*15Nmeasured + 0.072; r = 0.921; p < 0.05).  However, the isotopic offsets between the 615 
calculated and measured bulk 15N values range between 0.5 and 1.7 ‰ with more 15N 616 
depleted values associated with the isotope mass balance calculations. 617 
 618 
Using Equation 2, an average trophic position of 1.4±0.4 was calculated using amino acid 15N 619 
data from 13 periostracum samples from Seguin Island spanning an age range from 1783 to 620 
1997 (Fig. 8). Propagating the error for the trophic position calculation based on the 2 621 
analytical uncertainty of ±1.9‰ for the 15N data results in a 2 analytical uncertainty of the 622 
trophic position calculation of ±0.5. No statistically significant trend through time was present 623 
for these calculated trophic positions (r=0.42, n=13, p=0.15). The trophic position calculated 624 
from data from the two modern periostracum samples from shell DRE and shell DMC was 625 
1.7±0.1. The trophic position calculated from the two adductor muscle samples from these 626 
same shells was 1.1. The trophic position calculated from the carbonate of shell DMC was 2.0.  627 
 628 
 629 
5 Discussion and Conclusions 630 
 631 
5.1 Summary  632 
 633 
Periostracum samples from A. islandica shells were analyzed in order to determine whether 634 
bulk and compound specific 15N of periostracum could be used as a palaeoceanographic proxy 635 
for baseline 15N. The following are the main conclusions from this study: 636 
 637 
1. Analyses of variability in bulk and CSIA-AA 15N of periostracum, especially comparisons 638 
with carbonate 15N and POM 15N, suggest that periostracum does record changes in 639 

15N of the POM incorporated by the clam and therefore changes in the 15N of the 640 
dissolved nitrogen substrates (assuming complete nitrogen drawdown) over the course 641 
of the clam’s lifetime.  642 
2. Amino acid composition and CSIA-AA 15N analyses of periostracum, carbonate and 643 
tissue suggest that differences in amino acid composition are a significant contributor to 644 
the observed offset in bulk 15N values between these three tissue types. 645 
3. Changes in periostracum bulk 15N values over time appear to record changes in the 646 

15N  of the dissolved nitrogen substrates of the water that these clams inhabited 647 
(assuming complete nitrogen drawdown) based on a lack of trend in calculated trophic 648 
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position through time and the similarity in trend between 15N values of the source 649 
amino acid phenylalanine and bulk 15N of periostracum samples.  650 
4. An ~80 year record of bulk 15N from periostracum corresponds well with a previously 651 
published record of 15N from deep-sea corals in the Northeast Channel (the mouth of 652 
the Gulf of Maine), suggesting that 15N in periostracum of clams collected in the 653 
western Gulf of Maine may be recording changes in broader North Atlantic conditions. 654 
   655 
Together, these findings suggest that periostracum 15N records changes in baseline 15N of 656 
dissolved nitrogen substrates over time. Therefore, this study presents periostracum 15N as a 657 
new, paleoceanographic proxy for water source changes and nitrogen cycling processes and 658 
therefore provides a valuable additional tool with which to study past ocean conditions on high-659 
resolution time scales. Below we discuss these findings in detail.  660 
 661 
5.2 Periostracum as a viable 15N proxy archive alternative to carbonate and soft tissue 662 
 663 
Adductor muscle and carbonate of bivalve shells has been shown to be an archive of the 664 
nitrogen isotope signature of the suspended organic matter that is the bivalve’s food source 665 
(Minagawa and Wada, 1984; LeBlanc, 1989; Post, 2002; O'Donnell et al., 2003; Fukumori et al., 666 
2008; Watanabe et al., 2009; Kovacs et al., 2010; Graniero et al., 2016; Gillikin et al., 2017). Our 667 
data show that periostracum also archives dietary nitrogen isotope composition throughout the 668 
clam’s life. 669 
 670 
To support the hypothesis that periostracum can act as an archive of dietary nitrogen isotope 671 
composition through time, we must first confirm that periostracum is formed sequentially 672 
throughout the lifespan of the clam and not periodically replaced. Periostracum is primarily 673 
formed from the periostracal groove (Saleuddin and Petit, 1983; Checa, 2000), which is located 674 
along the outer mantle edge (see Fig. 1C). It is therefore improbable that periostracum could be 675 
replaced or partially replaced through time.  To support this mechanistic conclusion, we 676 
analyzed 15N and 13C variability both along a growth increment and along the axis of 677 
maximum growth (i.e., across growth increments during ontogeny). If periostracum was 678 
periodically replaced during the lifespan of the clam, we would expect no difference in isotopic 679 
variability along a growth increment versus across growth increments as all of the periostracum 680 
would be formed at the same time and therefore would incorporate the same isotopic 681 
signature. This scenario is not the case as there is more isotopic variability across growth 682 
increments than along growth increments. This suggests that periostracum is formed and 683 
preserved as the clam grows, although we acknowledge that alternative scenarios of partial 684 
replacement of periostracum could still result in these isotope variability profiles and more 685 
experiments are needed in order to confirm what mechanistically seems most probable.  686 
 687 
The periostracum and carbonate bulk 15N values have a statistically significant positive 688 
relationship suggesting that the periostracum is indeed recording similar nitrogen isotope 689 
patterns as the carbonate, although the 15N values are higher in carbonate samples, as 690 
discussed below (for a note on the importance of sampling technique and the impacts of time 691 
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averaging when comparing the 15N of different tissue types, see the supplementary 692 
information in the Electronic Annex). This relationship would suggest a common nitrogen 693 
isotope source, presumably the clam’s ingested food. The additional similarities between the 694 
average source amino acid 15N of the periostracum and adductor muscle samples also suggest 695 
a common nitrogen isotope source, which is shown to be the POM that the clam is ingesting by 696 
the very similar match between the 15N of the periostracum sample taken from shell DMC, 697 
collected in Tank A, and that of the sediment also taken from this tank. It should be noted that 698 
water running through Tank A at the Darling Marine Center is pumped from the Damariscotta 699 
River estuary. Therefore, the 15N of the sediment of Tank A (5.7‰) should also closely match 700 
the POM in the Damariscotta River estuary where shell DRE was collected (periostracum: 5.4‰; 701 
adductor muscle: 5.5‰).  702 
 703 
Additionally, we can compare the source amino acid 15N data from all periostracum samples 704 
analyzed (5.7‰) to surface suspended POM 15N values in water samples collected throughout 705 
the Gulf of Maine in spring, summer and autumn between 2000-2003 and presented in 706 
Sherwood et al. (2005). The average 15N of these POM samples was 4.1 ± 1.2‰. Therefore, 707 
periostracum source amino acids record slightly higher 15N values than that found for Gulf of 708 
Maine water samples. However, the values are similar when taking into account analytical 709 
uncertainty and differences may be due to differences in specific location between where the 710 
water samples and the clams were collected, as well as differences in collection years. 711 
However, more data are needed in order to evaluate better this relationship between 15N of 712 
POM samples and source amino acid 15N of periostracum.  713 
 714 
The offset in bulk 15N of periostracum compared to contemporaneous carbonate as well as 715 
adductor muscle can be explained in part by the differences in the amino acid composition of 716 
the different tissues. The amino acid composition of periostracum is primarily composed of 717 
compounds that are relatively depleted in 15N (e.g. glycine and tyrosine), whereas the amino 718 
acid composition of adductor muscle is dominated by compounds that are relatively enriched in 719 
15N (e.g. aspartic acid and glutamic acid). The amino acid composition of the carbonate lies 720 
somewhere in the middle, as it is composed of both amino acids relatively depleted in 15N (e.g. 721 
glycine and tyrosine) and relatively enriched in 15N (e.g. alanine, proline and valine). These 722 
findings are consistent with what others have found for both A. islandica as well as other 723 
bivalves (Degens et al., 1967; Meenakshi et al., 1969; Hunt, 1987; Haugen and Sejrup, 1990; 724 
Pranal et al., 1995). Gillikin et al. (2017) note that, based upon their work and a compilation of 725 
other published data, the exact relationship between carbonate and soft tissue appears to vary 726 
depending on the polymorph of carbonate, with calcite 15N values similar or higher than those 727 
of soft tissue and aragonite (of which A. islandica is composed) 15N values lower than those of 728 
soft tissue. This observation is consistent with our findings here. These authors hypothesize 729 
that these differences are related to different compositions of amino acids between the two 730 
carbonate polymorphs, which our data also support.  731 
 732 
It is also possible that the differences observed in bulk 15N between periostracum, carbonate, 733 
and adductor muscle could be related to differences in the 15N of the individual amino acids 734 
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composing each tissue type. Misarti et al. (2017) found that while source amino acid 15N 735 
values did not change between tissue type (specifically between shell and soft tissue), trophic 736 
amino acid 15N values were offset between shell and soft tissue, with generally higher 15N 737 
values found in the shell. Misarti et al. (2017) hypothesized that this difference could be related 738 
to several factors, including differences in the turnover time of different proteins in the 739 
different tissues, which would affect the trophic and source amino acids differently. We found 740 
no evidence for consistent differences in 15N of amino acids between the different tissue types 741 
analyzed in this study (Fig. 7A). However, trophic amino acid 15N values were more variable 742 
between tissue type than the source amino acid 15N values, although differences in 15N 743 
between tissue types were generally not outside of the 2 analytical uncertainty with a couple 744 
of exceptions. The increased variability between tissue types for trophic amino acid 15N 745 
compared to source amino acid 15N is consistent with what Misarti et al. (2017) found, 746 
although again there are no consistent offsets observed in either the trophic or source amino 747 
acid 15N values. The isotope mass balance equation calculation suggests an underestimate of 748 
15N depleted amino acids in the mass balance calculations.  More data are needed to 749 
understand the impact of amino acid concentrations and isotopic composition on the 15N of 750 
the bulk tissues. 751 
 752 
The above discussion suggests that modern periostracum can be used as a proxy for 15N of the 753 
food of the clam at the time that the periostracum was formed. In addition, periostracum 754 
formed before modern times and collected from old and dead-caught shells seems to offer 755 
promise for recording past changes in 15N. The fact that there are no statistically significant 756 
trends in the relative percent of amino acids in periostracum either with the age of the clam or 757 
with the age of the specimen (Supplementary Fig. 2) suggests that amino acids are not 758 
influenced by the age of the clam and little diagenesis or degradation has occurred in the 759 
samples, respectively. Both findings are important in showing the periostracum can be a viable 760 
archive of 15N at least on century time scales. 761 
 762 
 763 
5.3 Periostracum as a proxy for changes in western North Atlantic conditions 764 
 765 
Changes in trophic position can lead to increases in the 15N of the trophic amino acids. This 766 
would consequently lead to large changes in the bulk 15N record that could be misinterpreted 767 
as changes in water mass source 15N. The hypothesis that the A. islandica species has had a 768 
stable trophic position over the last several centuries can be tested by assessing the calculated 769 
trophic position of these clams through time by CSIA-AA and using Equation 2. The variability in 770 
calculated trophic position through time is not outside the propagated analytical uncertainty 771 
(±0.5) and therefore is not significant.  772 
 773 
Our calculated average trophic position of 1.4±0.4 for A. islandica, which is a suspension feeder 774 
primarily eating phytoplankton, is lower than the expected trophic position of 2 for primary 775 
consumers. Similar problems of underestimating trophic position using amino acid 15N data 776 
from bivalves (analyzed from soft tissue samples for these studies) have been reported 777 
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elsewhere (Vokhshoori and McCarthy, 2014; Ek et al., 2018). A more accurate calculation of 778 
trophic level for A. islandica could be made by the determination of a species specific 779 
Trophic/Source value. The Trophic/Source value has been shown to vary widely for different species 780 
(McMahon and McCarthy, 2016; Ohkouchi et al., 2017) and the values used in Equation 2 are 781 
averages of a range of invertebrates, not including A. islandica and including only one other 782 
bivalve (Crossostrea sp.). Interestingly, while the trophic position calculated using amino acid 783 

15N from adductor muscle is even lower (1.1) than that calculated using periostracum samples, 784 
the trophic position calculated from the single carbonate sample of 2.0 is what would be 785 
expected for A. islandica. While we did not collect enough data for this study to determine 786 
whether this difference in calculated trophic position using different tissues holds up over many 787 
samples, this difference is worth exploring in future work. It is possible that a calibration 788 
between tissue types is required in order to more accurately calculate trophic position of an 789 
organism, as suggested by Misarti et al. (2017). It should be noted that while more work needs 790 
to be done in order to correctly calibrate the trophic position calculation for bivalves, analyzing 791 
the variability in trophic position through time calculated using the same equation and tissue 792 
type, as discussed below, should still be a valid exercise. 793 
 794 
There is no statistically significant long term trend in calculated trophic position over the last 795 
250 years and any variability that is present does not help to explain the trends seen in the bulk 796 

15N data over the last 100 years (Fig. 5A). Instead, the similar decrease in phenylalanine 15N 797 
values from periostracum samples formed over this time period (Fig. 5B) suggest that this 798 
decreasing bulk 15N values are related to a change in the 15N values of the food the clams are 799 
consuming. These changes are in turn likely related to a change in the baseline 15N values of 800 
the dissolved nitrogen substrates in the water. 801 
 802 
While the above discussion suggests that the bulk 15N changes in the periostracum are a 803 
reflection of the 15N changes of the food, these 15N changes in the food could in turn be 804 
influenced not only by the nitrogen isotopes of the dissolved nitrogen substrates in the water 805 
but also the availability of these substrates. Kinetic isotopic fractionation leads to 806 
phytoplankton having nitrogen isotopes signatures depleted in 15N relative to the dissolved 807 
nitrogen substrates in the water (Waser et al., 1998). However, if all of the dissolved nitrogen 808 
substrates are consumed, the phytoplankton 15N will be that of the dissolved nitrogen 809 
substrates (Altabet and Francois, 1994; Waser et al., 1998; Needoba et al., 2003; Sherwood et 810 
al., 2011). Therefore, in regions of the world’s oceans where nitrogen is the limiting nutrient, 811 
the nitrogen isotope signature of the phytoplankton will reflect the nitrogen isotope signature 812 
of the dissolved nitrogen substrate of the water in which the food source was living, allowing 813 
for records of 15N preserved in bivalve shells to be interpreted as records of 15N of the 814 
dissolved nitrogen substrates in the water. 815 
 816 
Past studies have suggested that silica, not nitrogen, is the limiting nutrient throughout much of 817 
the Gulf of Maine, although there is some evidence that nitrogen has become the limiting 818 
nutrient in the last several decades as more Scotian Shelf Water, which is high in silicate, has 819 
entered the Gulf of Maine (Townsend et al., 2010). Regardless, near the coast, where the clams 820 
  
 20 
for this study were collected, river water runoff contributes higher concentrations of silicate to 821 
the surface waters (Schoudel, 1996; Anderson et al., 2008), dictating that nitrogen is the 822 
limiting nutrient in this region (Townsend and Ellis, 2010; Townsend et al., 2010). Where 823 
comprehensive studies of surface nitrate concentrations are available, it appears that most of 824 
the surface waters of the Gulf of Maine have very little to no nitrate due to complete 825 
drawdown by phytoplankton except for a region of the eastern Gulf of Maine, where tidal 826 
mixing brings nitrate up from depth and surface currents carry these higher nitrate 827 
concentrations along shore until approximately Penobscot Bay (Townsend et al., 1987; 828 
Townsend et al., 2005; Townsend et al., 2010). It is therefore important to carefully choose 829 
sampling sites for 15N reconstructions where nitrogen is the limiting nutrient. Seguin Island, 830 
where the samples for Fig. 5 were collected, is near the coast in the western Gulf of Maine (see 831 
Supplementary Fig. 1) and therefore it is safe to assume that nitrogen is the limiting nutrient in 832 
this region.  833 
 834 
The above discussion suggests that 15N of periostracum amino acids of A. islandica in the 835 
western Gulf of Maine can be used as a proxy for 15N of the dissolved nitrogen substrates in 836 
that region. However, there are multiple factors that influence 15N in the water column (e.g. 837 
Naqvi et al., 1998; Somes et al., 2010), including nitrogen assimilation by phytoplankton 838 
(Altabet and Francois, 1994; Wu et al., 1997; Waser et al., 1998; Sigman et al., 1999; Needoba 839 
et al., 2003), movement and remineralization of suspended organic particles (Altabet, 1988; 840 
Knapp et al., 2005), nitrogen fixation (Liu et al., 1996; Karl et al., 1997; Knapp et al., 2005; 841 
Knapp et al., 2008), denitrification (Brandes et al., 1998; Voss et al., 2001; Brandes and Devol, 842 
2002; Deutsch et al., 2004), and water mass origin (Marconi et al., 2015; Van Oostende et al., 843 
2017). Determining how much of the 15N record derived from periostracum is influenced by 844 
local nutrient cycling or river runoff changes and how much is related to broader western North 845 
Atlantic changes in ocean currents and subsequent changes in sources for water entering the 846 
Gulf of Maine can be challenging.  847 
 848 
One way to evaluate this record for local versus regional influences is by looking at other 15N 849 
proxy-derived records in the region. Sherwood et al. (2011) used compound specific 15N from 850 
deep-sea gorgonian corals collected from in the Northeast Channel, which is the narrow 851 
entrance to the Gulf of Maine that deep slope waters flow through (see Supplementary Fig. 1) 852 
to suggest changes in the proportion of slope water entering the Gulf of Maine between 1926 853 
and 2002 years. Because this record is at the entrance to the Gulf of Maine, changes in the 15N 854 
in the corals likely reflects broader western North Atlantic changes. The authors argued that an 855 
approximately 1‰ decrease in nitrogen isotopes in corals over the record suggests that a 856 
higher proportion of WSW, which has lower 15N values than LSW, has entered the Gulf of 857 
Maine recently, suggesting changes in ocean current position with the Gulf Stream shifting 858 
northward over time. Both the Sherwood et al. (2011) coral 15N record and the periostracum 859 

15N record presented here show similar trends and are shown here to not be statistically 860 
different from each other. These similarities in trends suggest that the changes in periostracum 861 

15N in the last century reflect broader regional western North Atlantic Ocean dynamic 862 
changes. The significant offset in average bulk 15N between the clams sampled for this study 863 
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and the corals sampled in the Sherwood et al. (2011) paper (Fig. 5A) can be explained by several 864 
factors. P. resedaeformis have been shown to have a trophic level of 3.6 (Sherwood et al., 2005) 865 
and are therefore largely carnivorous. This trophic level is significantly higher than the trophic 866 
level found for the A. islandica sampled in this paper of 1.4 and explains a significant amount of 867 
the offset seen between the two time series. Additionally, the differences in amino acid 868 
concentrations between P. resedaeformis and A. islandica also likely explain some of the offset.  869 
 870 
6 Implications and Future Work 871 
 872 
This paper presents a methods case study on using periostracum as a paleoceanographic proxy 873 
for changes in baseline 15N. This paper has significant implications for both studies on changes 874 
in Gulf of Maine and western North Atlantic hydrography over the last several centuries as well 875 
as marine paleoenvironmental research in general. 876 
 877 
Paired 15N measurements of the periostracum and periostracum amino acids of absolutely 878 
dated A. islandica shells are shown in this study to be a proxy for changes in baseline 15N and 879 
offer the opportunity to extend the Sherwood et al. (2011) coral 15N record back beyond the 880 
instrumental record. The coral 15N record only has four data points before 1926, all of which 881 
have large dating errors associated with them. This would enable an investigation of  whether 882 
the recent changes in ocean current position suggested by the coral 15N data are truly unique 883 
over the last several centuries, as Sherwood et al. (2011) suggest. The coral 15N data from 884 
Sherwood et al. (2011) have been used as evidence to support sea surface temperature and 885 
modeling work that suggests that the Atlantic Meridional Overturning Circulation (AMOC) has 886 
been weakening over the last century as a result of freshening of Arctic and North Atlantic 887 
waters from increased river runoff, and ice sheet and sea ice melt (Rahmstorf et al., 2015; 888 
Caesar et al., 2018). A northward shift of the Gulf Stream has been shown to be related to a 889 
weakening of the Deep Western Boundary Current, which flows to the southwest along the 890 
eastern continental shelf of North America and is the bottom component of the AMOC (Joyce 891 
et al., 2000; Peña-Molino and Joyce, 2008; Zhang, 2008; Joyce and Zhang, 2010). A more 892 
northerly Gulf Stream brings warmer waters, including WSW, closer to the Gulf of Maine and 893 
inhibits the southward passage of colder waters, including LSW, via the Labrador Current (Saba 894 
et al., 2015). Extending this regional 15N baseline record farther back in time using 15N of 895 
periostracum and periostracum amino acids in western Gulf of Maine A. islandica shells could 896 
lend much needed insight into high resolution changes in AMOC strength over the last several 897 
hundred years.  898 
 899 
This study demonstrates that 15N of periostracum and periostracum amino acids is a viable 900 
proxy for future paleoceanographic research in multiple different areas of study and many 901 
regions around the world. By demonstrating that periostracum preserves changes in baseline 902 

15N, this study introduces periostracum 15N as a new, high resolution, absolutely dated 903 
paleoceanographic proxy for any nitrogen cycling or ocean dynamic process that affects 904 
baseline 15N. While this study investigates only periostracum of A. islandica shells, future work 905 
should investigate whether 15N of periostracum of other species of mollusks can also be used 906 
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as a 15N baseline proxy.  Additionally, while preservation is dependent on multiple variables 907 
including exposure and location, periostracum has been found by the authors of this study to 908 
be preserved on shells that are several millennia old, suggesting this proxy could be used to 909 
reconstruct nitrogen baseline 15N thousands of years ago. However, a rigorous test of 910 
diagenesis would be needed for such a study as there is no current knowledge on how the 15N 911 
of periostracum is preserved on millennia timescales. It should be noted that, as with any 912 
paleoceanographic proxy, there are assumptions that must be made with using 15N of 913 
periostracum as a proxy for baseline 15N, most notably the assumption that nitrogen 914 
drawdown is complete in the study location and has been over the time period of study. This 915 
assumption is necessary for any 15N baseline proxy where the extent of nitrogen drawdown 916 
cannot be independently addressed. By using CSIA-AA of 15N, the additional assumption that 917 
trophic level of the bivalve has not changed over time can be assessed.  918 
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Figure Captions 1355 
 1356 
Figure 1. Depictions of periostracum on bivalve shells. (A) shows an A. islandica shell sampled 1357 
for periostracum (dark material) along the axis of maximum growth. The white squares are the 1358 
areas where the periostracum has been removed. The numbers represent centimeters from the 1359 
top, with hash marks every 0.5 centimeters. (B) shows an A. islandica shell sampled for 1360 
periostracum along a growth increment. Hash marks are drawn every centimeter. (C) is a 1361 
diagram of a cross-section of the outer region of a bivalve shell (not to scale) showing the 1362 
periostracum being secreted from the periostracal groove and forming the outer layer of the 1363 
shell. Diagram modified from Zhao et al., 2018. OSL: outer shell layer (prismatic layer); ISL: inner 1364 
shell layer (nacreous layer); oEPF: outer extrapallial fluid; iEPF: inner extrapallial fluid.    1365 
 1366 
Figure 2. 13C (A and B) and 15N (C and D) isotope variability along a growth increment (A and 1367 
C; see Figure 1B) and along the axis of maximum growth (B and D; see Figure 1A) for several 1368 
different Arctica islandica specimens. The average, long-term, 2 combined analytical 1369 
uncertainty is ±0.36‰ (Air) for 15N and ±0.22‰ (VPDB) for 13C. Different colors indicate 1370 
individual shells. 1371 
 1372 
Figure 3. Biplot of periostracum 15N versus contemporaneous carbonate 15N. Each data point 1373 
represent periostracum and carbonate samples sampled from the same Arctica islandica 1374 
specimen during the same period of its growth for 40 clams. The line of best fit (r= 0.82, 1375 
p<.0001) has the equation 15Nperiostracum = 0.63*
15Ncarbonate + 0.92. The average, long-term, 2 1376 
combined uncertainty is ±0.36‰ (Air). 1377 
 1378 
Figure 4. Boxplots of 15N in periostracum, carbonate, and adductor muscle sampled from 1379 
Arctica islandica specimens finished at the Darling Marine Center and the Damariscotta River 1380 
estuary. The data are composed of 16 specimens, each sampled for contemporaneous 1381 
periostracum, carbonate and tissue. The middle line of the box indicates the mean, the lower 1382 
and upper edges of the box are the 25th and 75th quartiles, respectively. The whiskers indicate 1383 
all of the data not considered outliers and the plus indicates the outlier. The average, long-1384 
term, 2 combined analytical uncertainty is ±0.36‰ (Air). 1385 
 1386 
Figure 5. 15N records in the Gulf of Maine over the last ~80 years. (A) Comparison of 1387 
periostracum bulk 15N values (this study, left y axis, black) with coral 15N values (Sherwood et 1388 
al., 2011, right y axis, blue).  Arctica islandica periostracum bulk 15N data was sampled from 1389 
shells collected near Seguin Island. Horizontal bars reflect the amount of time integrated for 1390 
each sample. The average, long-term, 2 combined analytical uncertainty for the periostracum 1391 

15N was ±0.36‰. Coral 15N data from the Northeast Channel are annually resolved and had a 1392 
2 analytical uncertainty of ±0.4‰. (B) Phenylalanine 15N values from periostracum samples 1393 
taken from shells collected in the same location as the shells in (A). 2 combined analytical 1394 
uncertainty for the periostracum amino acid 15N was ±0.1.9‰. The reader is encouraged to 1395 
view the online version of this manuscript for a color version of this figure. 1396 
 1397 
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Figure 6. Amino acid composition of different tissue types. Concentrations (nanomoles/mg; left 1398 
axis) and relative percent (right axis) for periostracum, shell, and adductor muscle sampled 1399 
from shell DRE (blue) and shell DMC (red). Aspartamine and glutamine are converted to 1400 
aspartic acid and glutamic acid upon acidification, respectively. Thus aspartic acid is a 1401 
combination of aspartamine and aspartic acid. Similarly, glutamic acid includes glutamine and 1402 
glutamic acid. See text for methods and description. The reader is encouraged to view the 1403 
online version of this manuscript for a color version of this figure. 1404 
 1405 
Figure 7. 15N of amino acids measured in Arctica islandica tissue samples. (A) 15N of amino 1406 
acids measured in periostracum (circles), carbonate (triangles), and adductor muscle (squares) 1407 
samples from shell DRE (blue) and shell DMC (red; see text for description of collection 1408 
location). (B) 15N of amino acids measured in A. islandica periostracum samples from Seguin 1409 
Island shells. Colors represent individual samples. Horizontal lines indicate average 15N for 1410 
trophic (11.8‰) and source (5.7‰) amino acids. These periostracum samples have dates 1411 
ranging from the 1780s to present day. Therefore, at least some of the variability seen here can 1412 
be explained by the different years of formation. Data for both subplots are grouped by 1413 
whether they are considered trophic, source or other amino acids (see Section 1 of text for 1414 
explanation). Running conditions did not allow for 15N data of all amino acids present 1415 
(including alanine and lysine). The 2 analytical uncertainty is ±1.9‰. The reader is encouraged 1416 
to view the online version of this manuscript for a color version of this figure. 1417 
 1418 
Figure 8. Time series of calculated trophic position for Arctica islandica from Seguin Island, Gulf 1419 
of Maine (green), using 15N of amino acids (phenylalanine and proline) measured in 1420 
periostracum samples and Equation 2 in Section 3.9 of the text. Also included are trophic 1421 
positions calculated from modern periostracum (circles), adductor muscle (squares) and 1422 
carbonate (triangle) samples from shell DRE (blue) and shell DMC (red; see main text for a 1423 
description). Error bars are 2 propagated analytical uncertainty of the trophic position 1424 
calculation (±0.5). A trophic position of 1 indicates primary producers. A trophic position of 2 1425 
indicates primary consumers. The reader is encouraged to view the online version of this 1426 
manuscript for a color version of this figure. 1427 
 1428 
  1429 
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